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Photoreception and light transformation by liv- 
ing systems undoubtedly belong to the most sur- 
prising natural phenomena. Along with low-M, 
chromophoric compounds, specific proteins play 
an important part in absorption and transduction 
of light energy. Among photosensitive proteins, 
rhodopsin occupies a key position. This chromo- 
protein, with 1 l-c&retinal as a photoreceptor 
antenna, is the basis of the vision process in ani- 
mals. For a long time all attempts to isolate rho- 
dopsin from the photosensitive disc membranes in 
an individual and active state were not a success. 
The preparations obtained with various detergents 
were unsuitable for detailed structural analysis. 
Though dozens of laboratories actively partici- 
pated in investigations of rhodopsin function and 
its structure peculiarities [l-6], the progress was 
rather slow. 
gradient of H+ turned out to be a universal ener- 
getic source for the cell. Interestingly, full proton- 
pumping activity has been restored after complete 
delipidation and following reconstitution of bacte- 
riorhodopsin into liposomes [16-l 81. 
The following discovery, seemingly bearing no di- 
rect relation to visual excitation, gave a new impetus 
to these investigations. Halophilic bacteria inhabit- 
ing salt lakes and solonchaks were found to contain 
a rhodopsin-like protein. This chromoprotein, bac- 
teriorhodopsin, has a retinal residue in all-truns or 
13-cis configuration as a light-sensitive system [7]. 
Its investigation developed rapidly into the field of 
membrane proteins. Proteins halorhodopsin and 
pigment PS-370, which contain retinal as the chro- 
mophore, have also been discovered [8- 111. 
Bacteriorhodopsin was the first integral mem- 
brane protein the structure of which was eluci- 
dated. Henderson and Unwin, in their pioneering 
work, established by an electron diffraction tech- 
nique that the bacteriorhodopsin polypeptide 
chain is composed of 7 a-helical rods spanning the 
membrane [191. Amino acid sequence of bacterio- 
rhodopsin was elucidated in our laboratory (using 
unidentified strain and H. halobium RI), and the 
first model for the polypeptide chain arrangement 
in the membrane was proposed [20,21]. The re- 
gions of polypeptide loops connecting the helices, 
along with the N- and C-terminal fragments ex- 
posed at the membrane surface were determined 
by limited proteolysis. One year later similar re- 
sults on bacteriorhodopsin primary structure were 
obtained by Khorana et al.: working apparently 
with the strain S-9 Halobacterium halobium they 
found an additional tryptophan residue in position 
137 and a few substitutions in comparison with our 
data. Thus it was established that the bacteriorho- 
dopsin polypeptide chain ‘consists of 248 amino 
acid residues [22,23]. Our recent results agree with 
these data. 
Bacteriorhodopsin plays the role of a solar bat- 
tery, very important for the vital activity of bacteria 
[12]. Rapid progress was achieved in the elucida- 
tion of bacteriorhodopsin functioning as a light- 
driven proton pump [ 13- 151. The electrochemical 
Analysis of X-ray and electron microscopy data 
in frames of the established amino acid sequence 
[24], immunological approaches [25] and some 
other methods [26] have led to a refinement of our 
model for bacteriorhodopsin topography. Fig. 1 
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summarizes the current views of the disposition of 
bacteriorhodopsin polypeptide chain inside and 
outside the membrane. 
A model which correlates the bacteriorhodopsin 
amino acid sequence and three-dimensional struc- 
ture was elaborated [24]. a-Helical rods appeared 
to have their hydrophobic sides facing the non- 
polar lipid moiety, whereas more hydrophilic por- 
tions are in the molecule interior [27]. 
Determination of the retinal location in bacte- 
riorhodopsin is of utmost importance. Various 
physical methods, such as neutron diffraction [28] 
or fluorescence [29] provided some information 
about spatial arrangement of the /!!-ionone ring. 
However, they could not establish which lysine res- 
idue of the polypeptide chain forms an aldimine 
bond with retinal. Until recently relevant con- 
clusions were based on chemical approaches, 
mainly on the aldimine reduction and analysis of 
retinyl-containing peptides. At first we assigned 
position Lys 41 to the retinal according to data of 
Bridgen and Walker on the retinyl-containing 
fragment Val-Ser-Asp-Pro-Asp-Lys-Lys [30], 
having found a related peptide 
Gly-Val-Ser-Asp-Pro-Asp-Ala-Lys-Lys- 
Phe-Tyr-Ala-Ile-Thr-Thr-Leu-Val-Pro- 
Ala-Ile-Ala-Phe-Thr-HSer 
on bacteriorhodopsin cleavage [20]. 
However, further study of bacteriorhodopsin 
and its derivatives allowed us to conclude that, at 
least in the light, the retinyl residue (reduction 
with NaBH4 at 0°C [3 11) occupies a different posi- 
tion being bound to the C-terminal part of the pro- 
tein, probably at Lys 216 [32]. This was the first 
demonstration that retinal may be attached to Lys 
216. At that time some reasons impelled us to im- 
plicate a light-induced migration of retinal [33], 
but subsequent studies in our and other laborato- 
ries revealed Lys 216 as the principal place of reti- 
nyl localization [34-381. 
In an attempt to clarify the possible role of 
lysine residues we have prepared a bacteriorho- 
dopsin analog with 6 of 7 lysine residues dimethyl- 
ated with HCHO/NaBH3CN. This derivative pre- 
served the spectral properties of bacteriorhodop- 
sin. Similarly, with a large excess of succinic 
anhydride we succeeded in modification of all 
lysine residues, except Lys 216. Completeness of 
the reaction was proved by subjecting the succinyl- 
ated derivative to reductive methylation: amino 
acid analysis detected neither monomethyl nor di- 
methyllysine. Both modified derivatives and native 
bacteriorhodopsin transferred H+ across an artiti- 
cial membrane with similar efficiency. Thus, free 
lysine residues seem non-essential for proton 
pumping. 
Since in bacteriorhodopsin with 6 blocked lysine 
residues the e-amino group of Lys 216 was identi- 
tied as a sole attachment site of retinyl moiety, 
these findings allow us to conclude that bacterio- 
rhodopsin can pump protons when the chro- 
mophore is bound to only one lysine residue, Lys 
2 16, and has no possibility for migration. 
We also found that reconstitution of the lipopro- 
tein complex, using the procedure in [ 181, from the 
denaturated imethylated bacteriopsin, phosphati- 
dylcholine and all-truns-retinal proceeds with the 
same yield as in case of unmodified protein. Re- 
ductive methylation of all lysines in the fragment 
1-71 did not prevent regeneration of the purple 
complex, contrary to the analogous modification 
of the 72-248 fragment 1391. 
At present, retinal binding to Lys 216 seems to 
have a sound basis. However, we would like to 
discuss ome experimental facts which concern the 
properties of retinal aldimines and await explana- 
tion. 
Since sodium borohydride reduction of bacterio- 
rhodopsin may cause the cleavage of polypeptide 
chain [36] (detected by us and in [39] at the Gly 
155-Phe 156 bond), many researchers are inclined 
to consider the detection of retinyl moiety in the 
N-terminal part of bacteriorhodopsin as an ar- 
tifact. However, the possibility of transimination 
during the reduction should be taken into account. 
As an attempt to rule out this side reaction, we 
performed reduction of lyophilized bacteriorho- 
dopsin with NaBH3CN in the formic acid/ethanol 
mixture. HPLC of the cyanogen bromide hydroly- 
sate allowed identification of Lys 216 as the retinyl 
attachment site. 
If bacteriorhodopsin was subjected to chymo- 
tryptic cleavage [40] into the short (residues 1-71) 
and long (residues 72-248) fragments and rapidly 
reduced with NaBH4 in the presence of sodium 
dodecyl sulfate or with NaBH3CN in formic acid/ 
ethanol, then up to 1/3rd of the retinyl residues 
appeared to be attached to the short fragment. 
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Using a bacteriorhodopsin derivative, wherein Lys 
30 and Lys 41 were completely dansylated, we 
found that Lys 40 could be the only candidate for 
retinyl attachment in the short fragment. 
We also investigated the aldimine localization 
without recourse to reduction. After treating with 
chymotrypsin, lyophilized purple membranes were 
dissolved in formic acid, and the fragments were 
separated under conditions which quite effectively 
prevented aldimine hydrolysis (gel chromatogra- 
phy on Sephadex LH-60 in absolute ethanol-for- 
mic acid mixture). Retinal residues were found as 
a protonated aldimine (hmax - 450 nm) predomi- 
nantly in the large fragment. A small percentage of 
retinal aldimines was sometimes accounted for by 
the short fragment. A similar situation was ob- 
served on separation of the retinylidene-containing 
short and long fragments in a chloroform-meth- 
anol mixture with salt additives. 
proved for Lys 216. If using synthetic or other 
methods one succeeded in preparing a bacterio- 
rhodopsin analog with the retinal exclusively at 
Lys 40, any possible structural or functional role of 
this lysine residue could be clarified. 
Modification of a prosthetic group is a fruitful 
chemical approach traditionally employed in en- 
zymology for elucidating the active site structure- 
functional relationships. In a similar way, interest- 
ing results were obtained for bacteriorhodopsin 
using various retinal analogs (see [43-451). In par- 
ticular, information on the chromophore-protein 
contacts was obtained with the photoactivatable 
aromatic analog [46]. 
With the above separation procedures we found 
that o-arylpolyene aldehyde residues are bound 
only to the large fragment, whereas, after reduc- 
tion of the respective pigments, the aryl-alkenyl 
residues were also found in the short protein frag- 
ment; the shorter the polyene chain, the larger 
their amount (up to 100% with 3-methyl-6-(4’- 
methoxyphenyl)-pentadien-2,4-al[41]). 
Another approach to identifying the aldimine- 
forming lysine residue has been proposed [42]. 
Raman-laser measurements on the bacteriorho- 
dopsin reconstituted from the two chymotryptic 
fragments confirmed the presence of retinal at- 
tachment site in the large fragment and seem to 
rule out the involvement of a short fragment lysine 
residue. 
Aromatic polyene aldehydes of varying chain 
length on interaction with bacterioopsin form 
chromoproteins containing the protonated al- 
dimine group [41]. The linear dependence of the 
chromoprotein absorption maxima on the number 
of conjugated double bonds (fig.2) shows that 
polyene-chain elongation entails no qualitative 
changes in the character of polyene-protein inter- 
actions. This means that functional protein groups 
responsible for the bathochromic shift of the 
absorption band are situated not only nearby the 
/3-ionone ring [43], but at least some of them are in 
close proximity to the aldimine bond. 
Bacteriorhodopsin and its aromatic analogs dis- 
play similarity in light-induced cyclic transforma- 
In total, the afore-mentioned data suggest that 
finding a retinal residue in the short fragment is 
apparently the result of the chymotrypsin action 
and may reflect the spatial proximity of the Lys 40 
and Lys 216 c-amino groups. Although chymo- 
tryptic cleavage of the 71-72 bond virtually does 
not impair the spectral and functional bacteriorho- 
dopsin parameters [40], it somehow makes the al- 
dimine bond more susceptible to external influ- 
ences, as manifested, for example, in the increased 
accessibility to NH2OH and NaBI$. These consid- 
erations apply also to the experiments where the 
two chymotryptic fragments were utilized for bac- 
teriorhodopsin reconstitution [39,42]. 
I 
1 2 3 L 5 n 
Fig.2. Dependence of absorption maxima of bacterio- 
rhodopsin analogs on the number of double bonds (n) in 
the arylpolyenal chain. I- and 2-model aldimines and 
chromoproteins formed by interaction of Me@-C&- 
(CH-CH),CHO with octadecylamine and bacterio- 
So far a functional role has been unambiguously opsin, respectively. 
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tions involving short-wave and long-wave photoac- 
tive intermediates. Although the aldimine bond in 
these model chromoproteins is reversibly deproto- 
nated during photocycling, none of them man- 
ifested clearly-defined transport activity. 
Since cyclic phototransformations are charac- 
teristic even of the bacteriorhodopsin analog con- 
taining the residue of the monoenal, p-N,N-di- 
methyl aminocinnamic aldehyde, a polyene-pro- 
tein interaction just in the vicinity of the aldimine 
bond seems to be the sufficient condition for these 
transformations. The aldimine pKa in the chromo- 
protein with w-(p-methoxyphenyl) polyenal is 
considerably lower than in bacteriorhodopsin, 
hence the high pK,-value of aldimine appears 
non-essential for the photochemical cycle. 
The spatial disposition of the retinal residue is of 
particular interest. Our studies of retinyl fluores- 
cence quenching for the reduced bacteriorhodop- 
sin derivative (with the retinyl residue at Lys 216) 
in membrane suspension and inside-out vesicles 
(prepared as in [47]) localized the chromophore 
center at 9 A from the cytoplasmic surface. Since 
available data indicate that the retinyl moiety oc- 
cupies about the same spatial position as the reti- 
nylidene residues in bacteriorhodopsin (see [34]), it 
is reasonable to ascertain that the determined dis- 
tance holds also for the disposition of retinal in 
bacteriorhodopsin. It is noteworthy that the retinal 
was localized not farther than 10 A from one of the 
unidentified membrane surfaces [29]. We also 
found that Ag+, which quenches retinyl fluores- 
cence, can penetrate the membrane only from its 
cytoplasmic side. This asymmetry might be rele- 
vant to the ion conducting properties of bacterio- 
rhodopsin. 
Chemical modification of the bacteriorhodopsin 
protein moiety can give important structure-func- 
tional information. For example, in such a way the 
proximity of Tyr 26 to the aldimine was implicated 
[48]. Application of traditional methods to mem- 
brane proteins faces considerable difficulties, and 
specific approaches are needed. To incorporate 
spin labels selectively, we used bacteriorhodopsin 
modification at the sites of limited proteolysis and 
reactions with dried purple membranes in absolute 
organic solvents. Biosynthesis gives wide pos- 
sibilities: we have prepared a bacteriorhodopsin 
analog having all tryptophan residues substituted 
by 5fluorotryptophan. This modification had no 
effect on proton-pumping activity and afforded a 
compound suitable for 19F NMR studies (8 signals 
were resolved in the spectrum taken in organic me- 
dia using a Bruker WM-500 instrument). 
Biosynthesis of selectively-labeled radioactive 
derivatives appeared a convenient methodology to 
develop optimal conditions for chromatography of 
various hydrolysates. Availability of bacteriorho- 
dopsin analogs with t4C-labeled Tyr, Phe, Pro, 
Met or Ile residues provided facile identification of 
peptides and localization of modification sites 
(e.g., retinyl- and retinylidene-containing peptides, 
the site of polypeptide chain cleavage with 
NaBI-Lt). 
Thus, at present much information has been ac- 
cumulated concerning retinal attachment in the 
bacteriorhodopsin polypeptide chain, its spatial ar- 
rangement and the properties of the retinal bind- 
ing site. However, these data are of limited value if 
not interpreted in terms of the role of aldimine and 
protein groups in the principal function of bacte- 
riorhodopsin, namely transmembrane vectorial 
proton transport. Available experimental data are 
not sufficient to provide a solid basis to describe a 
detailed molecular mechanism, although many hy- 
potheses on possible involvement of one or an- 
other functional protein group can be found in the 
literature 149-531. In particular, phenolic hydrox- 
yls of tyrosine residues 154,551 and carboxyl groups 
of aspartic and/or glutamic acids [56] were invok- 
ed as intermediate acceptors of the proton released 
by the aldimine at the stage of tit2 formation. 
Various general schemes for bacteriorhodopsin 
functioning were recently proposed 157-601. In 
particular, proton transport via a chain composed 
of hydrogen bonds between amino acid side chains 
seems most attractive [61]. The possibility of such a 
mechanism was discussed in general terms in [49] 
and also in the framework of disposition of 
hydroxyl-containing amino acid residues in the 
7 a-helical rods [21]. 
The nearer researchers are to understanding the 
proton transport mechanism, the more surprising 
questions are posed whose solution demands new 
efforts and novel approaches. At present, we are 
trying to obtain and investigate functionally im- 
portant fragments and analogs of bacteriorhodop- 
sin by peptide synthesis [62] and genetic engineer- 
ing methods; other laboratories are developing 
similar approaches [23]. 
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Ac-Met.Asn.Gly.Thr.Glu.Gly.Pro.Asn.Phe.Tyr.Val.Pro.Phe.Ser.Asn.Lys.Thr.Gly.Val.Val 
1 10 20 
Arg.Ser.Pro.Phe.Glu.Ala.Pro.Gln.Tyr.Tyr.Leu.Al~.Glu.Pro.Trp.Gl~.Phe.Ser.Met.Leu 
21 30 40 
Ala.Ala.Tyr.Met.Phe.Leu.Leu.Ile.Met.Leu.Gly.Phe.Pro.Ile.Asn.Phe.Leu.Thr.Leu.Tyr 
41 50 60 
Val.Thr.Val.Gln.His.Lys.Lys.teu.Arg.Thr.Pro.Leu.Asn.Tyr.Ile.Leu.Leu.Asn.Leu.Ala 
61 70 80 
Val.Ala.Asp.Leu.Phe.Met.Val.Phe.Gly.Gly.Phe.Thr.Thr.Thr,Leu.Tyr.Thr.Ser.Leu.His 
81 90 100 
Gly.Tyr.Phe.Val.Phe.Gly.Pro.Thr.Gly.Cys.Asn.Leu.Glu.Gly.Phe.Phe.Ala.Thr,Leu.Gly 
101 110 120 
Gly.Glu.Ile.Ala.Ley.Trp.Ser.Leu.Val.Val.Leu.Ala.Ile.Glu.Arg.Tyr.Val.Val.Val.Cys 
121 130 140 
Lys.Pro.Met.Ser.Asn.Phe.Arg.Phe.Gly.Glu.Asn.His.Ala.Ile.Met.Gly.Val.Ala.Phe.Thr 
141 150 160 
Trp.Val.Met.Ala.Leu.Ala.Cys.Ala.Ala.Pro.Pro.Leu.Val.Gly.Trp.Ser.Arg.Tyr.Ile.Pro 
161 170 180 
Glu.Gly.Met.Gln.Cys.Ser.Cys.Gly.Ile.Asp.Tyr.Tyr.Thr.Pro.His.Glu.Glu.Thr.Asn.Asn 
181 190 200 
Glu.Ser.Phe.Val.Ile.Tyr.Met.Phe.Val.Val.His.Phe.Ile.Ile.Pro.Leu.Ile.Val.Ile.Phe 
201 210 220 
Phe.Cys.Tyr.Cly.Gln.Leu.Val.Phe.Thr.Val.Lys.Glu.Ala.Ala.Ala.Gln.Gln.Gln.Glu.Ser 
221 230 240 
Ala.Thr.Thr.Gln.Lys.Ala.Glu.Lys.Glu.Val.Thr.Arg.Met.Val.Ile.Ile.Met.Val.Ile.Ala 
241 250 260 
Phe.Leu.Ile.Cys.Trp.Leu.Pro.Tyr.,Ala.Gly.Val.Ala.Phe.Tyr.!le.Phe.Thr.His.Gln.Gly 
261 270 280 
Ser.Asp.Phe.Gly.Pro.Ile.Phe.Met.Thr .:le.Pro.Ala.Phe.Phe.Ala.Lys,Thr.Ser.Ala.Val 
281 290 300 
Tyr.Asn.Pro.Val.Ile.Tyr.Ile.Met.Met.Asn.Lys.Gln.Phe.Arg.Asn.Cys.Met.Val.Thr.Thr 
301 310 320 
Leu.Cys.Cys.Gly.Lys.Asn.Pro.Leu.Gly.Asp.Asp.Glu.Ala.Ser.Thr.Thr.Val.Ser.Lys.Thr 
321 330 
Glu.Thr.Ser.Gl~.Val.Ala.Pro.Ala.OH 
340 
341 348 
Fig.3. Complete amino acid sequence of rhodopsin. 
How can new ideas and experimental methods, 
created in the rapidly developing studies of bacte- 
riorhodopsin, be applied to its congener from the 
animal kingdom, visual rhodopsin? 
In structural analysis of bovine rhodopsin we re- 
lied on the strategy and tactics used earlier for bac- 
teriorhodopsin. Literature data 163-65) on the rho- 
dopsin N- and C-terminal fragments were also 
taken into account. We have determined the com- 
plete primary structure of rhodopsin and proposed 
its structural organization in the membrane [66- 
68].* 
Cyanogen bromide cleavage at methionine resi- 
*See 1691 and revision [70] 
dues provided the main structural information. 
The cyanogen bromide peptides were separated 
into two fractions, one soluble and another insolu- 
ble in 2 M guanidinium chloride solution. Both 
were chromatographed on Bio-Gel P-30 column 
equilibrated with 80% formic acid followed by 
HPLC purification of the obtained peptides (Nu- 
cleosil Cs, LiChrosorb Cs and Cts columns, 
acetonitrile gradient in 0.1% trifluoroacetic acid or 
10 mM ammonium acetate; the experimental de- 
tails will be published elsewhere). Their sequenc- 
ing was carried out by manual and automatic tech- 
niques, 
Most of the overlapping peptides were derived 
from chymotryptic and tryptic hydrolysates of apo- 
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membranes. Use was also made of sequential hy- 
drolyses by trypsin, Staphylococcus aureus protease 
and chymotrypsin as well as BNPS-skatole cleav- 
age of the protein covalently linked to CPG-SH 
(controlled pore glass) via SH-groups. This pro- 
cedure provided facile peptide separation and iso- 
lation of cysteine-containing peptides. 
Combination of the above approaches resulted 
in the complete reconstruction of the polypeptide 
chain of rhodopsin. It consists of 348 amino acid 
residues (Mr 39 048) and has the following amino 
acid composition: Asp(S), Asn( 15) Thr(27), 
Ser( 15) Glu( 17) Gln( 12) Pro(20), Gly(23), 
Ala(29), Cys( lo), Val(3 l), Met( 16) Ile(22), 
Leu(28), Tyr( 1 S), Phe(3 l), His(6), Lys( 1 l), Arg(7), 
Trp(5) (fig.3). 
To determine the retinal attachment site in rho- 
dopsin, the native photoreceptor membranes or 
rhodopsin solubilized in CTAB or Triton X-100 
were subjected to NaB3& or NaBH3CN reduction 
at different pH-values. By the procedure in [71] 
reduced membranes were cleaved with ther- 
molysin into two fragments, Ft (l-240) and F2 
(241-327) followed by separation on a Sephadex 
LH-60 column equilibrated in formic acid/ethanol 
mixture (3:7). The radioactivity and/or retinyl flu- 
orescence comigrated with the smaller fragment 
(241-327). This fragment was further cleaved with 
BrCN, and the resultant peptides were separated 
by gel chromatography as indicated above. Only 
one peptide was found out to be radioactive and 
fluorescent, and its structure determination show- 
ed that the retinal attachment site is the e-amino 
group of Lys 296. Literature data on shorter reti- 
nyl-containing peptides [64,65] are in accord with 
this result. 
The primary structure of rhodopsin served as a 
basis for studies aimed at elucidating the polypep- 
tide chain topography. The amino acid sequence 
of rhodopsin is characterized by the presence of 
some quite long hydrophobic sites with intermit- 
tent hydrophilic fragments. To locate the latter in 
the native molecule, the photoreceptor membranes 
were treated with proteolytic enzymes. 
The action of thermolysin [71], papain and S. 
aureus protease on rhodopsin results in two mem- 
brane-bound fragments closely related to Ft and 
F2, representing the N- and C-terminal moieties of 
the protein, respectively. After enzyme action the 
preparations preserved spectral characteristics typ- 
ical of the native membranes. Amino acid se- 
quence determination of the C-terminal fragment 
showed that 3 enzymes attacked nearly the same 
site of the polypeptide chain located on the 
cytoplasmic membrane surface: bonds 24 l-242 
(papain); 240-241 (thermolysin); and 239-240 
(S. aureus protease). We also found that formation 
of fragments Ft and F2 is accompanied by the 
cleavage of fragment (237-241) and excision into 
the supernatant of the peptides from the C-termi- 
nal site (322-348). 
Treating native membranes with chymotrypsin 
resulted in three membrane-bound fragments (l- 
146) (147-244) and (245-336). The last two could 
be easily eluted from a concanavalin A-Sepharose 
column after illumination, whereas the first one 
was eluted only in the presence of a-methylman- 
noside. Thus, two more susceptible bonds, 146- 
147 and 244-245 were found on the cytoplasmic 
side. 
To identify the protein sites in the intradiscal 
space, native membranes were subjected to freez- 
ing and thawing, leading to membranes of inverted 
orientation, and then treated with chymotrypsin. 
The peptides (l-lo), (1 l-13) (14-24) and (25- 
30) belonging to the N-terminal fragment were 
found in the supernatant. Papain action on the in- 
side-out membranes cleaved another bond, 186- 
187. 
d 
500- I II III IV V VI VII 
j 
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Fig.4. Rhodopsin susceptibility to proteolytic attack and 
hydrophobicity profile for its amino acid sequence. 
Dashed line indicates an average content of non-polar 
amino acids in rhodopsin. Protease-cleavable sites on 
the inner and cytoplasmic membrane surfaces are desig- 
nated by t and 1, respectively. The circles indicate the 
beginning of /S-turns. 
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The analysis of the action of protease on the 
photoreceptor disc membranes of native and in- 
side-out orientation showed that at least 30 amino 
acid residues from the N-terminus of the protein 
and bond 186- 187 are in the intradiscal space, 
while bond 146-147 and protein sites (237-245) 
and (321-348) are on the outer membrane surface 
(see also [63]). 
On examining the distribution of the pro- 
teolysis-susceptible sites in rhodopsin it is possible 
to conceive the length of membrane-spanning 
polypeptide fragments. Three successive cleavages 
at B, C and D (lig.4) give a length of about 40 
residues for 2 such fragments, BC and CD. (It is 
noteworthy, that after papain action on mem- 
branes of native and inverted orientation, the 48- 
membered polypeptide (187-236) was isolated.) 
The polypeptide chain between the D and E cleav- 
ages comprises - 80 residues, which therefore cor- 
responds to two membrane-spanning fragments. 
The average length of transmembrane segments 
of the rhodopsin C-terminal portion is equal to 40 
residues, and it is reasonable that this is also true 
for the N-terminal portion. This means that be- 
tween the cleavage sites A and B, 3 such segments 
can be accommodated. As a result we have arrived 
at the conclusion that the rhodopsin polypeptide 
chain consists of 7 membrane-spanning segments. 
Another promising approach to the identifica- 
tion of exposed regions is the use of monoclonal 
antibodies against an intact membrane protein or 
its fragments, as has been shown with rhodopsin 
[72] and bacteriorhodopsin 1251. 
As an approach complementary to proteolysis in 
studies of membrane protein topography, we ex- 
amined the distribution of hydrophobic and hy- 
drophilic amino acid residues along the rhodopsin 
polypeptide chain. Hydrophobicity of overlapping 
fragments (l-20), (2-21), (3-22) and so on was 
calculated (fig.4) as in [73]. The peaks in fig.4 cor- 
respond to hydrophobic regions of the molecule 
located, most probably, in the membrane matrix, 
while troughs correspond to the polypeptide chain 
regions in the vicinity of the membrane surface. 
The pattern shows well-defined peaks I-VI and a 
smaller peak VII separated from the peak VI by a 
hydrophilic fragment (277-282). 
Interestingly, calculation according to [74] re- 
vealed 5 most probable p-turns (see fig.4) situated 
in the rhodopsin hydrophilic fragments, 2 of them 
186 
near the protease-cleavable sites. 
A comparison of the hydrophobicity profile with 
the accessibility of the polypeptide chain, when in- 
tegrated in the membrane, for proteolytic attack 
allowed us to propose a model for rhodopsin to- 
pography (tig.5). Its principal feature is the pres- 
ence of 7 membrane-spanning rods which contain 
- 60% of all the amino acid residues and, in accor- 
dance with the available estimates [75], are essen- 
tially in a-helical conformation. The space oc- 
cupied by the polypeptide chain, including the 
membrane-spanning fragments along with N- and 
C-terminal regions outside the membrane, can be 
rationalized in view of available data on rhodopsin 
dimensions 176,771. 
In amphiphilic segments one can discern the 
central hydrophobic part of about 20 amino acid 
residues in the membrane interior, and also the 
peripheral portions which may interact with polar 
regions of phospholipid molecules. The protein 
sites inside the membrane are of even more hydro- 
phobic character than the corresponding a-helical 
rods of bacteriorhodopsin. 
Seven a-helical rods are connected by hydro- 
philic loops of different length, which are more or 
less exposed at the membrane surfaces and some 
of them (between segments III-IV, IV-V and V- 
VI) are accessible to protease action. In outlining 
the model shown in fig.5 we assumed that: 
(i) At least 2-3 residues should be donated by 
each segment to form an intersegment junc- 
tion; 
(ii) Protease-susceptible bonds are separated by 
one or more residues from the intramembrane 
portion of the polypeptide chain. 
A characteristic feature of the model is the pres- 
ence of a hydrophilic loop containing about 15 
amino acid residues on the cytoplasmic surface be- 
tween a-helical rods V and VI. This region (231- 
246) is not only the most accessible to the action of 
proteases, but is also the site of chemical moditica- 
tion with transglutaminase. Earlier a dansylcada- 
verine residue was incorporated into the rhodopsin 
molecule to determine the depth of the retinal lo- 
cation in the photoreceptor membrane 1781, and 
Gln 237 was shown by us to be responsible for the 
transglutaminase-catalyzed binding of dansylca- 
daverine. 
In accordance with earlier data, the glycosylated 
N-terminal protein fragment with acetylated Met- 
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Fig.5. Disposition of the rhodopsin polypeptide chain in photoreceptor membrane. 
1 is situated in the intradiscal space 179,801; a pos- 
sible role of this fragment might be to serve as an 
anchor fixing the polypeptide chain in the mem- 
brane. The C-terminal fragment accessible to 
opsin kinase action [81] is exposed into the cyto- 
plasm. 
The hydrophilic C-terminal fragment, although 
accessible for proteases beginning with the residue 
321, is depicted in fig.5 out of the membrane start- 
ing from Lys 311. The latter is relatively close to 
Cys 316 which is accessible for membrane-imper- 
meable chemical reagents [82]. Hydrophilic resi- 
dues in the loops on the cytoplasmic and intradis- 
cal membrane surfaces probably interact with 
phospholipid polar heads, along with the already 
mentioned peripheral portions of the a-helical 
rods. 
Fig.5 shows that Lys 296, responsible for chro- 
mophore attachment, is located in the seventh rod 
near the membrane centre. Such a disposition 
agrees with available experimental data con- 
cerning the arrangement of retinal relative to the 
membrane surfaces [83]. 
In the frames of the model, the charges of Asp 
83, Glu 113 and Glu 122 residues are situated in 
the membrane width. One can assume that they 
are implicated in ion-pair formation with the pro- 
tonated aldimine bond and interaction with the 
polyene chain leading to the so called opsin shift 
[84]. Naturally, ion pair formation between 
oppositely charged protein groups cannot be 
excluded. 
Various factors contribute to the integrity of the 
photoreceptor membrane. Noncovalent interac- 
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tions between a-helical rods may underlie the sta- 
bility of the complex of 3 chymotryptic fragments 
immobilized on concanavalin A-Sepharose. Prob- 
ably, additional stabilization is due to formation of 
a hydrophobic core by retinal and some protein 
groups: isomerization of the retinal as a result of 
absorption of a light quantum causes perturbation 
of non-covalent interactions and the following dis- 
sociation of the complex in detergents. 
Evidently, knowledge of the polypeptide chain 
arrangement in the membrane is only the first step 
in elucidating the diverse structural aspects of rho- 
dopsin functioning. Light quantum absorption 
triggers various complex processes which finally 
lead to visual excitation [85--911. One hypothesis 
postulates that rhodopsin transforms light energy 
into the energy of an electric field which causes an 
increase in permeability of photoreceptor mem- 
branes and, as a consequence, outflow of Ca2+ 
from the disc lumen into the cytoplasm [92]. The 
effect of Ca2+ probably involves blocking of so- 
dium channels in the photoreceptor cell outer 
membrane resulting in its hyperpolarization [93]. 
According to another hypothesis [94], rhodopsin 
initiates a different metabolic chain, wherein one 
of the photointermediates interacts with a protein, 
transducin [95], facilitating substitution by GTP of 
GDP bound to transducin. The transducin-GTP 
complex then activates phosphodiesterase specific 
to cGMP. As a result, the cGMP level in the cell 
decreases leading to the closing of sodium chan- 
nels and hyperpolarization. 
However, rhodopsin functioning cannot be un- 
derstood without detailed information on its struc- 
ture and spatial organization in the photoreceptor 
membrane, whether it is a photosensitive channel 
or a modulator of the cyclic nucleotide level in the 
cell. 
It is remarkable that animal rhodopsin and bac- 
teriorhodopsin share a number of common proper- 
ties. As seen from fig.1 and 5, the polypeptide 
chain in both proteins traverses the membrane 7 
times, which might be a ‘magic number’ for light- 
activated membrane proteins. The lysine residues 
which form the aldimine bonds in rhodopsin and 
bacteriorhodopsin are situated in the C-terminal 
intramembrane segment. Besides, in both cases 
light induces generation of membrane potentials of 
comparable magnitude [92], and proteolytic cleav- 
age of bacteriorhodopsin [40] and rhodopsin at ex- 
posed hydrophilic sites does not abolish the elec- 
trogenic activity. 
Considering the similarity of bacterial and ani- 
mal rhodopsins one might think that in creating 
light-utilizing systems with retinals Nature ap- 
peared conservative and kept to the once found 
general principle. Has the similarity of the two 
chromoproteins (see also [96]) a deeper meaning 
than mutual adaptation of the protein structure 
and appropriate chromophore; i.e., is bacteriorho- 
dopsin a primogenitor of visual pigments? Though 
the idea of bridging the ancient microorganisms 
and animals is attractive, there is no convincing 
evidence in favour of such an evolutionary inter- 
relation. Computer analysis of the primary struc- 
tures of animal and bacterial rhodopsins and their 
genetic equivalents (cf. [23]) carried out in our lab- 
oratory showed that these proteins have no identi- 
cal sequences longer than 5 amino acid residues, if 
even the possibility of substitutions of the last nu- 
cleotide in the codon is admissible. 
There are still many questions to be answered 
and we hope that a comparative study of bacterio- 
rhodopsin and rhodopsin will stimulate further re- 
search about them as well as that of other pho- 
tosensitive proteins and may help to elucidate 
mechanisms of light transduction. 
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